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Observable primordial tensor modes in the cosmic microwave background (CMB) would point to
a high scale of inflation HI . If the scale of Peccei-Quinn (PQ) breaking fa is greater than
HI
2pi
, CMB
constraints on isocurvature na¨ıvely rule out QCD axion dark matter. This assumes the potential of
the axion is unmodified during inflation. We revisit models where inflationary dynamics modify the
axion potential and discuss how isocurvature bounds can be relaxed. We find that models that rely
solely on a larger PQ-breaking scale during inflation fI require either late-time dilution of the axion
abundance or highly super-Planckian fI that somehow does not dominate the inflationary energy
density. Models that have enhanced explicit breaking of the PQ symmetry during inflation may
allow fa close to the Planck scale. Avoiding disruption of inflationary dynamics provides important
limits on the parameter space.
I. INTRODUCTION
The axion [1, 2] is an elegant solution to the strong
CP problem [3]. It arises as a pseudo-Nambu-Goldstone
boson (pNGB) of a spontaneously broken Peccei-Quinn
(PQ) symmetry at a scale fa. If its potential is dom-
inated by QCD instanton effects, the axion settles into
an approximately CP-conserving minimum. In addition,
the axion is an attractive candidate for the dark matter
(DM) in our universe [4–6].
Axion cosmology depends on whether the PQ symme-
try is spontaneously broken before inflation ends. The
Hubble parameter during inflation HI can be related
to the tensor perturbation amplitude in the cosmic mi-
crowave background (CMB) [7]. Current bounds from
BICEP2/Keck/Planck constrain the tensor-to-scalar ra-
tio r < .07 [8, 9], while planned near-future detectors will
probe the region r∼> 2 × 10−3 [10]. If such a primordial
gravity wave detection is made by these experiments, it
will indicate
HI =
(
pi2
2
M2P∆
2
Rr
)1/2
∼> 1013 GeV, (1)
where the measured scalar perturbation amplitude ∆2R =
2.142 × 10−9 [11] and the reduced Planck mass MP =
2.435× 1018 GeV.
If the PQ symmetry breaks after inflation (fa <
HI
2pi ),
topological defects will form. These topological defects
will lead to overclosure due to either domain wall sta-
bility if the domain wall number NDW > 1, or axion
overproduction from cosmic strings and domain walls if
fa∼> 1011 GeV [12]. Larger PQ-breaking scales and do-
main wall numbers other than one are allowed only if
the PQ symmetry is broken before the end of inflation
(fa >
HI
2pi ) so that topological defects are inflated away.
1
However, in this case the (massless) axion will obtain in-
flationary fluctuations ∼ HI2pi similar to the inflaton [15–
17]. Unlike the inflaton fluctuations, the fluctuations of
the axion would today appear as isocurvature and are
bounded by observations of the CMB [11].
Narrowing to the case that the PQ symmetry is bro-
ken before the end of inflation, once inflation ends the
axial component of the PQ field remains at the value
taken during inflation until the temperature-dependent
QCD instanton axion mass m2QCD becomes comparable
to the Hubble expansion rate (typically near the QCD
phase transition). At this point, the field will begin os-
cillating around the minimum of the low-energy poten-
1 Alternatively, topological defects may be destabilized via a very
delicately chosen tilt to the potential [13, 14].
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2tial. These coherent oscillations correspond to an energy
density stored in the axion field, meaning that the axion
can behave as cold DM. The QCD axion DM fraction
generated in this manner is given by [18, 19]
Ra =
Ωa
ΩDM
'
{
5.6× 107 〈θ2〉 (fa/MP )7/6, fa < fˆa,
1.6× 108 〈θ2〉 (fa/MP )3/2, fa > fˆa,
(2)
where
〈
θ2
〉
= θ2i + δθ
2 is the axion misalignment an-
gle including contributions from the initial misalignment
θi and the primordial fluctuations δθ (neglecting anhar-
monic factors [20]). The scale fˆa ' .991 × 1017 GeV '
MP
2.5 corresponds to the transition between oscillations be-
ginning before or after the QCD phase transition (see
[21, 22] for corrections to this approximation).
Using this expression for the axion DM fraction and
assuming a detection of primordial tensor modes—
indicating a large HI and thus large isocurvature fluc-
tuations δθ—current constraints on isocurvature would
rule out the simplest axion models for fa >
HI
2pi , see, e.g.,
[19, 23]. For high-scale axion models to be viable in the
presence of such a detection, the axion fluctuations must
be suppressed.
It is important to understand the robustness of isocur-
vature constraints for two reasons. First, string theories
generically predict a PQ-breaking scale around the grand
unified theory (GUT) scale, fa ∼ 1016 GeV [24, 25]. Sec-
ond, several experiments have recently been proposed to
look for large-fa axion DM [26–29]. If primordial gravity
waves are observed, it will be important to know whether
such theories are permissible and thus which regions of
parameter space these experiments should target. More
optimistically, if signals are seen both in tensor modes
and in a hunt for large-fa axions, we should know what
types of new physics would be required to reconcile the
two signals.
We examine two classes of solutions that have been
discussed to circumvent isocurvature constraints and res-
urrect models with large fa. Both involve an inflationary
shift of the PQ sector away from its zero temperature
minimum and/or potential. In the first, the PQ scale
is large during inflation fI  fa [17, 30–33]. In the
second, the axion has a large mass during inflation re-
lated to an explicit PQ symmetry breaking [31, 34].2 We
explore the measures necessary to suppress isocurvature
and the constraints that must be taken into account as
these measures are implemented.
In Section II, we discuss the viability of exclusively
suppressing isocurvature via an inflationary PQ-breaking
scale that is larger than the present scale. While this
has been previously considered as a viable mechanism
to reduce isocurvature, we show that it often faces insur-
mountable constraints due to the large hierarchy required
between the two scales. In Section III, we explore the
possibility that isocurvature can be suppressed with an
enhanced explicit breaking of the PQ symmetry, demon-
strating the model-building and experimental constraints
that ultimately limit the range that fa may take in such
models. Numerous previous works have observed that
explicit PQ-breaking modifies the axion potential, and
so in general could be a suitable strategy for suppress-
ing isocurvature. Here, however, we focus on developing
concrete models, which allows us to study the various
interrelated field dynamics and constraints, and we are
thus able to more fully address the strengths and short-
comings of this approach.
As we are interested in modifying the behavior of the
axion during inflation, our primary focus here will be on
how the solutions implemented affect the dynamics of the
axion and inflaton fields. However, the solutions under
consideration in the above sections can also affect the be-
havior of the radial component of the PQ-breaking field.
This leads to model-dependent, but potentially severe,
constraints related to ensuring a consistent cosmologi-
cal history. We review these issues in Section IV. Many
of these constraints could be evaded if the PQ field re-
laxed adiabatically to its minimum today without oscil-
lation. However, in Section V, we discuss how models
that are designed to permit such adiabatic relaxation will
generally only partially mitigate constraints. Moreover,
we highlight some previously unappreciated obstacles to
constructing such models, which make it unclear whether
2 Other mechanisms to suppress isocurvature have also been pro-
posed [35–44], though notably many of these do not work for
GUT-scale axion DM with high-scale inflation.
3adiabatic relaxation can in fact be implemented. We con-
clude in Section VI.
II. SUPPRESSING ISOCURVATURE VIA WAVE
FUNCTION RENORMALIZATION
The complex PQ field S can be written in terms of
its radial and axial components, σ and a, and the PQ
breaking scale, fPQ,
S =
1√
2
(σ + f) exp
[
ia
f
]
, (3)
where f =
fPQ
NDW
, with f = fa and f = fI denoting the ef-
fective breaking scale today and during inflation, respec-
tively. During inflation, fluctuations ∼ HI2pi are induced in
the canonically normalized axion field, which correspond
to fluctuations in the field today given by [17, 30],
δa =
HIfa
2pifI
. (4)
Thus, fI > fa will reduce axion fluctuations. However,
due to the stringent bounds on isocurvature, αiso < .0019
at the 95% confidence level [11], fI  fa is necessary
to achieve the required suppression. The isocurvature
parameter is
αiso
1− αiso '
1
∆2R
(
4R2a
(HI/(2pi))
2
f2I 〈θ2〉
)
. (5)
As such, employing Eq. (2),
fI
fa
∼> 1.4× 104
√
Ra
( r
.002
)( .0019
αiso,max
)(
10−1MP
fa
)5/12
(6)
(valid for fa < fˆa, while a similar expression can be de-
rived for the other case). Thus, for a theory with de-
tectable gravitational waves r∼> 2 × 10−3, a large sepa-
ration is required between fI and fa to evade bounds on
isocurvature.
This displacement must be generated in a way con-
sistent with inflation. For instance, 〈|S|〉 could be dis-
placed via a model that leverages inflationary dynamics
to give an explicit inflationary minimum for |S| larger
than its present one. However, as seen from Eq. (6), fI
must be super-Planckian for fa ∼> 4 × 10−7MP . Such a
large displacement is likely to seriously disrupt the infla-
ton potential via the couplings between the inflationary
and PQ sectors, making such a mechanism unfavorable;
further details are provided in footnote 13. As such, the
likely source of the inflationary radial field displacement
is Hubble friction, i.e., the situation in which the radial
field is displaced from the minimum today at the onset
of inflation and remains light (compared to HI) during
inflation.
In fact, regardless of the source of the radial field dis-
placement, such super-Planckian field values could still
disrupt inflation. Depending on the form of the poten-
tial for S, at large field values it may dominate the Uni-
verse’s energy density, superseding the supposed infla-
tionary sector. This effect is exacerbated as the required
fI increases. Moreover, such large values for f have re-
sisted embedding in string theory [45], perhaps related
to the weak-gravity conjecture [46–49].
This concern could be avoided if the PQ sector were
responsible for inflation, as suggested in [33]. We will re-
turn to this example at the end of this section, but, as we
shall see, the other constraints outlined below generally
require additional late-time dilution of axions for such
“PQ sector inflation” to be a viable solution.
Following inflation, once H decreases below the radial
field’s mass, σ will start to oscillate with a large initial
amplitude corresponding approximately to its displace-
ment during inflation.3 As we discuss in Sec. IV, the am-
plitude and decay of these oscillations are constrained by
cosmological observations—the energy density must be
dissipated efficiently and appropriately (Sec. IV C) and
fluctuations induced in a light, Hubble-trapped σ may
also be bounded (Sec. IV A). Both of these constraints
can be evaded via appropriate model building that is
largely independent of the axion. Alternately, if σ is the
inflaton, these constraints are superseded by requiring
generation of the observed curvature perturbations and
appropriate reheating.
Our main focus here, however, is that the axion field
itself can experience nonperturbative effects from large σ
3 Adiabatic relaxation as described in Sec. V, which requires an in-
flationary minimum set by inflationary dynamics, is not possible
in this model which relies purely on Hubble friction.
4oscillations, along the lines of the parametric resonance
effects that can be induced by inflaton oscillations during
preheating [50, 51]. Constraints from these effects turn
out to be most relevant for smaller fa, and thus com-
plementary to the concerns about the disruption of the
inflation potential. Specifically, radial oscillations can
excite fluctuations in the axial field via parametric reso-
nance. If the fluctuations in the axial field grow to order
fa so that θ = a/fa takes all possible values throughout
the universe with roughly equal probability, topological
defects form and symmetry can be considered restored
[52].4 Since topological defects overclose the universe for
the models with larger fa (or NDW) that are of interest
here, PQ symmetry restoration must be avoided.5 More-
over, if the symmetry is restored, this clearly defeats the
purpose of suppressing the axion fluctuations in the first
place.
Axion fluctuations are more strongly enhanced for
larger initial σ oscillation amplitude, which results in an
increased duration of oscillations and oscillation speed.
Based on lattice simulations [53], topological defects form
when the initial amplitude
|S|i∼> 104
(
fa√
2
)
(7)
in a quartic potential and matter-dominated back-
ground.6 The bound is even stronger in the case where
the PQ field dominates the energy density [52, 54], in
which case topological defects form when
|S|i∼> 2× 102
(
fa√
2
)
. (8)
A similar bound should apply in the case of radiation
domination as a PQ field oscillating in a quartic potential
4 The fluctuations can also be viewed as inducing a large, posi-
tive effective mass squared for the radial direction such that the
potential no longer exhibits a symmetry-breaking form [52].
5 In addition to the possibility of symmetry restoration, large local
fluctuations could contribute to the axion relic density (though
not isocurvature, as the relevant modes are very small wave-
length) or even result in the field locally relaxing to different
minima after inflation, producing domain walls. As fluctuations
grow exponentially, though, these latter concerns are only likely
to be relevant very close to the region where there is risk of fully
restoring the symmetry.
6 Refs. [52–54] use the linear basis, S = 1√
2
(X + iY ), to explore
this effect, but it can also be understood in the nonlinear basis
of Eq. (3) via derivative interactions between σ and a, see [55].
behaves as radiation. Thus, avoiding symmetry restora-
tion requires that the initial amplitude of oscillations (or,
at least, the initial amplitude when the potential starts
behaving quartically [56]) is somewhat small.7
Comparing Eqs. (6) and (7), for fa ∼< 10−1MP ,
one cannot simultaneously suppress isocurvature using
wave function renormalization alone and avoid symmetry
restoration. Note fI in Eq. (6) is the field value when the
modes relevant to the CMB exit the horizon, as opposed
to when oscillations commence. However, we expect |S|i
to differ from fI√
2
only by O(10%) due to the flatness of
the PQ potential required to avoid dominating the infla-
tionary energy density. Thus, suppressing isocurvature
via this mechanism is challenging and likely only viable
for a limited range of fa and potentials.
The constraint from nonthermal symmetry restoration
could be relaxed somewhat if the PQ field began oscil-
lating in a potential dominated by |S|2M with M ≥ 3
[56]. However, constraints still apply once quartic or
quadratic terms come to dominate. Alternatively, the
required hierarchy in fI and fa could be reduced in the
case of a late-decaying scalar that dilutes the axion relic
abundance [23, 57, 58]. In this case,
Ra ' 1.7× 107
(
TRH
6 MeV
)〈
θ2
〉( fa
MP
)2
, (9)
where TRH is the reheat temperature at which the scalar
decays, with the requirements TRH∼> 6 MeV to not spoil
Big Bang nucleosynthesis (BBN) [59] and TRH ∼< ΛQCD
for the dilution to occur. Then, the isocurvature bound
requires
fI
fa
∼> 3.0×103
√
Ra
( r
.002
)( .0019
αiso,max
)(
TRH
6 MeV
)
, (10)
which could still be permitted by Eq. (7) depending on r
and αiso. However, future nonobservation of isocurvature
would ultimately restrict even this case.
Finally, even if axion fluctuations are made negligible,
the initial displacement of the axion field is also con-
strained to avoid the overproduction of DM, particularly
7 Another more model-dependent nonthermal effect that can re-
store the PQ symmetry is described in Sec. IV B.
5for larger values of fa. Eq. (2) implies
θi∼<
{
1.3× 10−4(fa/MP )−7/12, fa < fˆa,
7.9× 10−5(fa/MP )−3/4, fa > fˆa. (11)
In other words, the inflationary value for the PQ phase
must not differ significantly from the value today. Here,
the initial misalignment at the onset of inflation corre-
sponds to that in the Hubble patch that gave rise to
our Universe. Such a small misalignment angle could
be justified by an anthropic argument—the axion takes
on different initial misalignments in different inflationary
patches, and we reside in one such patch that gives rise to
a not-too-large axion abundance [60, 61]. Alternatively,
dilution of the axion abundance by a late-decaying par-
ticle would permit larger initial misalignment angles for
a given fa.
Overall, it seems challenging to implement a solution in
which axion isocurvature is suppressed by wave function
renormalization alone.
PQ Sector Inflation
Some of these challenges, namely those arising from the
interplay between the PQ and inflationary sectors, could
be surmounted if these sectors were identified. How-
ever, this approach is complicated by nonperturbative
effects that result in the PQ symmetry being restored in
much of the same parameter space where the isocurva-
ture fluctuations are sufficiently suppressed. As we shall
see, this leads to the additional requirement of late-time
dilution of the axion abundance to yield a viable infla-
tionary model.
If the PQ field is in a “wine-bottle” potential,
V = λ
(
|S|2 − f
2
a
2
)2
, (12)
it will have a |S|4-type inflationary potential [62], which
is inconsistent with BICEP2/Keck/Planck data on r and
the scalar tilt ns [8, 9, 11]. The introduction of a non-
minimal coupling of S to gravity [63]
V ⊃ ξ |S|2R, (13)
where R is the Ricci scalar and ξ is a constant, allows for
an inflationary model potentially consistent with existing
data. The measured value of ∆2R specifies the relation-
ship between ξ and λ. With the potential so fixed, the
slow-roll parameters and inflaton field value throughout
inflation (and thus fI) can be calculated. One finds the
requirement ξ∼> (few)× 10−3 to satisfy bounds on r and
ns. The details are worked out in Ref. [33] (see also [64]),
which identifies a window 1012 GeV ∼< fa ∼< 1015 GeV
where isocurvature constraints can be avoided.
However, this model suffers from the previously de-
scribed parametric resonance constraints, wherein oscil-
lations in σ can restore the symmetry. Because the PQ
field dominates the energy density, a stronger bound
more analogous to Eq. (8) applies. However, due to
the nonminimal coupling, we cannot directly apply the
bound of Eq. (8). First, the potential is modified: in the
Einstein frame,
VE =
λ(|S|2 − f2a/2)2
(1 + 2ξ |S|2 /M2P )2
, (14)
which for large values of |S| and ξ > 0 is flatter than the
wine bottle. Second, σ has a rolling mass parametrized
by,
Z(σ) =
(1 + ξσ2)2
1 + ξσ2 + 6ξ2σ2
, (15)
where a heavier rolling mass, Z(σ) < 1, corresponds to
slower motion.
Rather than attempting a full reanalysis similar to that
of [52, 54] including these contributions, we present two
bounds that we believe bracket the true one. They both
come from the rule of thumb of Eq. (8), but use different
choices of |S|i. In the first, |S|i ' |S|end, where |S|end
is the value for |S| at the end of inflation, defined to be
when the slow-roll parameter  ' 1. This requirement
is likely a bit too restrictive, especially for larger values
of ξ, since the radial field will begin rolling more slowly
due both to its rolling mass and the shallower potential
compared to the case of ξ = 0. The second possibility
is to take |S|i to be the point after inflation has ended
where both Z(σ) ' 1 and d log VEd log σ ' 4, i.e., where the
rolling mass is close to its standard value of 1 and the
potential is similar to Eq. (12). This second bound is
likely not quite constraining enough, as the radial field
6In
ac
ce
ss
ib
le
in
m
od
el
10-2 10-110
-6
10-5
10-4
10-3
10-2
10-1
r
f a
/M P
FIG. 1. Constraints on the radial part of the PQ field act-
ing as the inflaton. The red curves denote isocurvature con-
straints after taking into account fI > fa assuming Ra = 1
with an abundance determined by either Eq. (2) (solid, shaded
upwards) or Eq. (9) with TRH = 6 MeV (dot-dashed). The
two blue curves show two prescriptions for determining where
the PQ symmetry may be restored by parametric resonance
(see text for details); the solid shaded bound should be viewed
as definitively excluded. The black vertical region on the right
shows the current BICEP2/Keck/Planck bounds on the ten-
sor to scalar ratio, and the gray vertical region on the left is
inaccessible in this model.
will already have begun rolling from a larger field value
and will have attained some “velocity” from doing so.
These symmetry restoration bounds are plotted in
Fig. 1, with the solid blue curve and shaded region cor-
responding to constraints with |S|i determined by con-
ditions on Z(σ) and VE ,
8 and the dashed blue curve
corresponding to taking |S|i = |S|end. Also shown are
isocurvature bounds if the axion makes up all of the
DM abundance (i.e., Ra = 1) assuming either Eq. (2)
(solid red region)9 or Eq. (9) with maximal possible di-
lution (corresponding to TRH = 6 MeV) (dot-dashed red
line). For the purposes of calculating the isocurvature
constraints we take fI to be the field value 60 e-folds
before the end of inflation, approximately corresponding
8 In our study, we require Z ≥ 0.9 and d log VE
d log σ
≥ 3.9. The solid
blue curve is mildly sensitive to this choice, but the overlap of
the regions excluded by the solid blue and red curves is not.
9 Our bounds on isocurvature are stronger by roughly a factor of
8pi compared to Ref. [33] because their Eq. (15) uses the Planck
mass while their other expressions use the reduced Planck mass.
We also use the updated Planck bounds on αiso [11].
to the scale when modes relevant to the CMB exit the
horizon. Also shown are current BICEP2/Keck/Planck
bounds on r [8, 9]. Note that future experiments will be
able to probe all values of r for this model [10].
Comparing even the conservative estimate of the sym-
metry restoration bounds to the isocurvature bounds as-
suming the axions are produced in the manner of Eq. (2)
(i.e., without a late-decaying scalar), it is clear that
some additional cosmological model building is neces-
sary to make this a viable inflationary model. With late-
time dilution, some parameter space may not yet be ex-
cluded depending on where the true symmetry restora-
tion bounds fall. Nevertheless, this parameter space is
narrow and only potentially allows PQ-breaking scales
fa∼< 2 × 10−3MP . Additionally, a detection of r∼> 10−2
would definitively exclude this model. Of course, larger
values of fa and r could be allowed if the requirement
that Ra = 1 is relaxed, though this would require an
even smaller initial misalignment angle without any par-
ticular motivation for such a tuning.
This model illustrates an important tension. Suffi-
cient suppression of isocurvature requires a very large
hierarchy between fI and fa. For just such a hierar-
chy, nonperturbative dynamics have the potential to re-
store the PQ symmetry. Consequently, additional cosmo-
logical mechanisms are necessary to permit models that
suppress isocurvature via wave function renormalization,
and the allowed values for fa are still restricted. More-
over, if isocurvature perturbations continue unobserved,
even these remaining values for fa may eventually be ex-
cluded.
Having demonstrated the difficulties inherent in mod-
els that seek to suppress isocurvature via axion wave
function renormalization alone, we now turn to models in
which field displacement enhances explicit PQ breaking
in the early Universe.
III. AXION MASS FROM ENHANCED
EXPLICIT U(1)PQ BREAKING DURING
INFLATION
Scalar field fluctuations are very efficiently suppressed
for fields with large masses m∼> HI (see, e.g., [65]). With
7this motivation, in this section we will consider models
in which U(1)PQ is only an approximate symmetry that
is explicitly broken to a discrete subgroup ZN . Then,
higher dimension operators allowed by the discrete sym-
metry but forbidden by the continuous U(1)PQ generate
contributions to the axion mass in addition to those from
QCD. If these operators were enhanced during inflation,
the large inflationary mass could sufficiently suppress ax-
ion isocurvature while still yielding a model consistent
with strong CP constraints.
Supposing the axial component of the field is heavy
during inflation, it will evolve to the minimum favored
by the operator(s) responsible for generating its large
mass. This minimum need not coincide with those of
the QCD potential and in general would not be expected
to as the two contributions to the axion potential arise
from different sources. However, it will determine the ini-
tial misalignment angle θi. So, for axions with large fa,
barring a mechanism for the axion to adiabatically evolve
to the vicinity of the minimum today, cosmological con-
siderations do require a rather dissatisfying coincidence
between operators to avoid overproduction of axion DM,
see Eq. (11).10 This incredible coincidence could be miti-
gated if, for instance, a late-decaying particle diluted the
axion abundance, allowing larger initial misalignment.
Moreover, if non-QCD contributions to the axion po-
tential are incompletely turned off, measurements of CP-
violating observables today tightly constrain the size of
such contributions [66]. For the axion to still provide a
solution to the strong CP problem, the minimum today
must correspond to the QCD minimum θ0 to a very high
degree, 〈∣∣∣∣ afa − θ0
∣∣∣∣〉 ≤ θ¯ ' 10−11, (16)
where θ¯ represents the current constraints on the effective
θ angle. Let m2eff,0 represent additional contributions to
m2a today and θN represent the minimum favored by the
10 The anthropic argument that we simply reside in an inflation-
ary patch where the initial misalignment is small is no longer
valid. Any attempted anthropic argument must instead consider
a multiverse selection amongst appropriate potential parameters.
additional contributions (such that θi ' |θN − θ0| is the
initial displacement). Then, assuming θi is tuned to be
as small as required by cosmology but not more so,
m2eff,0∼<
θ¯m2QCD
|θN − θ0| . (17)
Note, owing to the necessarily small denominator, this
constraint is somewhat weaker than the usual con-
straint for O(1) displacement between the operators—
constraints would be more stringent for larger displace-
ments as allowed by, e.g., dilution. Here we have approx-
imated the QCD potential as quadratic in the vicinity of
the minimum,
V ' 1
2
m2QCD (a− faθ0)2 , (18)
and mQCD ' 6 µeV
(
1012 GeV/fa
)
[67].
This severe constraint makes it impossible to arrange
for a large inflationary mass via explicit PQ symmetry
breaking under the assumption that fI = fa. However,
displacement of the PQ field during inflation from its
minimum today can enhance the non-QCD contributions
to m2a. In fact, these models can achieve an effective
inflationary axion mass m2eff,inf ∼> H2I even for fI ∼< MP ,
so the required field displacement can be substantially
less than the (super-)Planckian values of 〈|S|〉 needed to
suppress isocurvature by changing the normalization of
the axion field alone (Sec. II).
However, the symmetry breaking responsible for giv-
ing the axion a large inflationary mass will also give the
radial field a mass of the same order, mσ ∼ HI . Thus,
in this case, fI > fa cannot simply arise from Hubble
trapping, but instead requires a modification of the PQ
potential during inflation. As such, the PQ field must
couple to inflationary dynamics. Importantly, such cou-
plings to the inflationary sector can disrupt the flatness
of the fragile inflaton potential. To be concrete, the con-
tributions of couplings between the PQ and inflationary
sectors, denoted ∆V , will result in additional contribu-
tions to the slow-roll parameters,
 ≡ M
2
P
2
(
V ′
V
)2
, η ≡M2P
V ′′
V
, (19)
where primes denote derivatives with respect to I. There
are no hard and fast constraints on such contributions,
8as the part of the potential that depends only on the in-
flaton VI could always be tuned to give values consistent
with CMB observations. However, large contributions
from ∆V would require particularly severe (and poten-
tially dynamical, if fI changes over the course of infla-
tion) tunings. As such, VI would have to be very carefully
arranged to appropriately balance the contribution from
∆V throughout inflation and maintain an appropriate
inflationary trajectory.
We study the restrictions arising from these contribu-
tions to the inflationary potential as well as from strong
CP constraints in the context of specific models below.
We will consider three models. The first will consist of
only a single PQ field S charged under ZN , and we will
see that the combination of strong CP constraints and
avoiding excessive disruption of the inflaton potential
limits the values of fa that can be reasonably allowed.
Consequently, we will consider other models in which
additional fields charged under U(1)PQ (or the discrete
symmetry)—either the inflaton or additional PQ fields—
acquire large values during inflation, potentially relaxing
constraints on models with larger fa.
A. A Simple Model with a Single PQ Field
Perhaps the simplest example of an operator that ex-
plicitly breaks U(1)PQ to a discrete symmetry (in this
case, ZN ) is SN . We consider a basic model containing
this operator as well as U(1)PQ invariant terms,
V ⊃ λ
(
|S|2 − f
2
a
2
)2
− δ
2
I2 |S|2 +
(
kSN
MN−4P
+ h.c.
)
.
(20)
The inclusion of the δ coupling is motivated by the fact
that it is not forbidden by any symmetries. In addition,
for δ > 0, this coupling can be responsible for generating
the necessary radial displacement fI > fa.
The operator in the last term of this equation will gen-
erate an additional contribution to the axion mass
m2eff =
|k|N2 〈|S|〉N−2
MN−4P
. (21)
If θN represents the minimum favored by the S
N oper-
ator, strong CP constraints require the contribution to
the axion mass today,
m2eff,0
N sin (N |θN − θ0|)
m2QCD +m
2
eff,0 cos (N |θN − θ0|)∼
< θ¯, (22)
where as above we have approximated the QCD potential
as quadratic in the vicinity of the minimum, see Eq. (18).
For small m2eff,0 (i.e., supposing sin (N |θN − θ0|) not in-
credibly small and so neglecting the subdominant term
in the denominator), we write the constraint as
m2eff,0∼<
Nθ¯m2QCD
sin (N |θN − θ0|) . (23)
Taking θi = |θN − θ0| small as required by cosmology,
see Eq. (11), and expanding this equation reproduces
Eq. (17). Unless sin(N |θN − θ0|) is extremely close to
zero—in particular, much closer even than required by
cosmology—this places a stringent lower bound on N for
a given (|k| , fa) that generally requires N to be large,
N∼> O(10). In other words, as one might expect, U(1)PQ
needs to be a good symmetry to a high degree in order
to solve the strong CP problem.
Clearly, this precludes the SN operator from giving a
large mass to the axion during inflation if fI = fa, even
for |θN − θ0|  1. When I takes on large values, though,
the I2 |S|2 coupling can drive 〈|S|〉 = fI√
2
> fa√
2
. Then,
a large effective mass for the axial direction due to the
SN term may stabilize the phase of the PQ field at θN
and suppress fluctuations. After inflation, the effect of
the inflaton-PQ field cross-coupling will disappear, and
the field will evolve to a minimum with 〈|S|〉 = fa√
2
and
arg(S) ' θN after a period of rolling and oscillation,
where it will remain until m2QCD turns on.
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However, this coupling also influences the inflaton po-
tential. The inflationary trajectory is constrained by lim-
its on the slow-roll parameters given in Eq. (19),
r ≈ 16 < .07, (24)
ns − 1 ≈ −6+ 2η ∈ (−0.0413,−0.0253), (25)
11 While the potential barriers in the axial direction are small at
small 〈|S|〉, the larger barrier at large 〈|S|〉 will produce a “fun-
nel” directing the phase towards θN or, if oscillations are suffi-
ciently large to take S through 〈|S|〉 = 0, towards θN + pi.
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FIG. 2. Bounds on the SN model in the parameter space
of fa and N for |k| = 1. The right axis shows the re-
quired value for fI to give the axion a large enough infla-
tionary mass to suppress isocurvature. Blue corresponds to
the strong CP constraint. Red indicates where the contri-
butions to the slow-roll parameters from the S potential are
greater than present bounds. The hatched region indicates
where 〈|S|〉e > 104 fa√2 so PQ symmetry restoration via para-
metric resonance may occur (see text for caveats). Vertical
lines indicate the CASPEr Phase 2 (right) and ideal (left)
reach (prospective bounds extend to the right).
where we have given the 95% confidence bounds from
[8, 11]. A reasonable constraint to avoid an overly tuned
inflationary model is to require that the additional con-
tributions to , η do not exceed the maximal values con-
sistent with present CMB observations.12 For instance,
requiring that the contribution be ∼< 1 of the maximal
value corresponds to∣∣∣∣∆V ′V
∣∣∣∣ ≤ 0.094, ∣∣∣∣∆V ′′V
∣∣∣∣ ≤ 0.021. (26)
We stress though that, while it represents a severe, ad
hoc, dynamical tuning and so should be taken seriously,
this constraint is aesthetic rather than experimental.13
12 An analogous constraint on ξ or |∆V ′′′/V | from the running
spectral index αs is subdominant. In addition, we have confirmed
that ∆V  VI in these models.
13 This constraint generally precludes the 〈|S|〉 > MP required in
Sec. II from arising in this manner. For instance, supposing
∆V = − δ
2
I2 |S|2 we expect δI2∼> H2I such that m2σ∼> H2I and |S|
evolves to the large vev. This implies |∆V ′/V | ∼ f2I /(IMP )∼> 1
and |∆V ′′/V | ∼ f2I /I2∼> 1, exceeding the stated bounds.
In Fig. 2, we present an example of the constraints on
such a model. Blue regions are excluded by strong CP
constraints with cosmological bounds on the axion abun-
dance taken into account, i.e., |θN − θ0| set by Eq. (11).
The constraints are indiscernibly more stringent if one as-
sumes |θN − θ0| ' O(1) as might be expected in the case
of late-time dilution. The red region denotes where the
inflaton potential is significantly modified, in violation of
Eq. (26). If these constraints are weakened by a factor
of 3, this exclusion region moves up to N ∼> 130, poten-
tially allowing fa ' 3 × 10−1. We take HI ' 10−5MP ,
consistent with 10−3∼< r ∼< 10−2 that will be probed in
near future experiments.14 The Lyth bound [68] implies
that, for such values of r, the excursion of the inflaton
field over the course of inflation is ∆IMP ∼> 1. So, we set
I∗ = 5MP at CMB mode horizon crossing (comparable
to the value for a Starobinsky-like model at the edge of
observability [69]).
The constraints shown are conservative in the sense
that, for each value ofN , we choose λ, δ to be the smallest
possible values such that the radial and axial directions
both have masses∼> HI—larger couplings would result in
larger contributions to the slow-roll parameters.15 The
axion mass condition is equivalent to requiring
fI '
(
H2IM
N−4
P
|k|N2
)N−2
. (27)
The CASPEr experiment [26]—with its Phase 2 reach of
fa∼> 1.3×1016 GeV and ideal reach of fa∼> 4×1013 GeV—
may eventually be able to probe much of the allowed
region as indicated by the vertical lines.
The cross-hatched region denotes where the field value
at the end of inflation 〈|S|〉e > 104 fa√2 , supposing that the
value of the inflaton field at the end of inflation Ie is a fac-
tor of 5 smaller than at CMB horizon crossing (such that
〈|S|〉e
fI/
√
2
≈ 15 ). According to the analysis of [53], for such
values radial PQ field oscillations may excite large oscil-
lations in the axial field, potentially leading to nonther-
14 Note that fI >
HI
2pi
throughout the parameter space, such that
the PQ symmetry is broken during inflation even for fa <
HI
2pi
.
15 The required values of δ are sufficiently small that parametric
excitation of S due to inflaton oscillations is not a concern.
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mal symmetry restoration (see Eq. (7) and surrounding
discussion). In this model, the situation is complicated
by the presence of additional operators and the lack of
initial fluctuations. For instance, the curvature of the po-
tential in the axial direction due to the SN operator may
suppress fluctuations. Alternatively, self-couplings of the
axial field resulting from this operator may mitigate the
growth of fluctuations [70]. Thus, while this region is not
necessarily excluded, a further analysis of field dynamics
post-inflation would be required to ensure a consistent
cosmology.
This analysis suggests that it is difficult to reach larger
values of fa ∼> 10−2MP . While the conclusion that a
significant modification of the PQ potential can disrupt
inflation is robust, the exact limits do depend on the in-
flationary model. For larger values of I∗, the same fI
can be achieved for smaller values of δ and λ, resulting
in smaller contributions to slow-roll parameters. In ad-
dition, as long as Ie ' MP , 〈|S|〉e would be reduced in
the case of large I∗, shrinking the nonthermal symmetry
restoration region. As such, perhaps paradoxically, high-
scale inflation may reconcile more readily with a solution
of this type—the steeper potential could be less suscep-
tible to disruption. It should be noted, however, that
larger I∗ would also likely correspond to larger values of
HI ' 10−4MP (r ' 10−2), implying imminent tensor
mode observation. Meanwhile, in a specific inflationary
model, violation of Eq. (26) may result in a worse than
O(1) tuning. Recall, these equations were derived us-
ing current experimental constraints. For a Starobinsky-
like model with r ' 2 × 10−3, the red region in Fig. 2
would more approximately correspond to tuning∼> few,
owing to the smaller denominators in Eq. (26). Requir-
ing tuning ≤ 1 in this model would exclude N ∼> 31,
fa∼> 2× 10−3MP .
In sum, strong CP constraints require large values of
N to ensure that the contribution to the axion mass due
to the explicit breaking is small today. As such, fI must
be somewhat larger than fa to ensure the axion is suf-
ficiently heavy during inflation. In other words, large
modifications to the PQ potential are required. These
in turn “backreact” on the inflaton potential, at worst
threatening to destabilize the fragile inflaton potential
and at best constituting a very severe (field-dependent)
tuning.
One reason that it is difficult to achieve a sufficiently
large mass whilst satisfying strong CP constraints is
that the same field is responsible for both the enhance-
ment of the explicit breaking and solving the strong CP
problem—the latter requires the potential of this field be
largely U(1)PQ invariant today, such that drastic mod-
ifications of its potential are required during inflation,
readily disrupting inflationary dynamics. Consequently,
in the next subsections, we discuss the possibility of real-
izing a large axion mass during inflation by coupling S to
additional fields that acquire large vevs during inflation
but are not subject to the same strong CP constraints.
We will see that such approaches do indeed extend the
reach in fa relative to this simple model.
B. Inflaton-Sourced Axion Mass
At first glance, coupling to the inflaton would ap-
pear an ideal method for boosting the axion mass during
inflation—the large (super-Planckian) value of I∗ could
give a significant contribution to m2eff,inf even via Planck-
suppressed operators. Meanwhile, for small 〈|I|〉 today,
this contribution would be suppressed, alleviating strong
CP constraints. However, as we discuss, the difficulty
in this approach lies in generating the desired operators
without generating either additional unwanted operators
or symmetries (the latter of which, for instance, may pre-
vent fields from acquiring a necessary mass).
One straightforward approach is to consider a term
that explicitly breaks U(1)PQ such as
V ⊃ kIS
N
MN−3P
+ h.c. (28)
Such an operator was considered in, e.g., [31].16 If
the rest of the potential maintains the symmetry I →
−I, SN → −SN , this explicitly breaks U(1)PQ → Z2N .
16 Refs. [71, 72] consider the potential for similar operators to gen-
erate a cross-correlation spectrum in the case where isocurvature
is unsuppressed.
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Then, for 〈|I|〉 = 0, the leading operator expected to
contribute to the axion mass would involve S2N , permit-
ting smaller values of N for a given (|k| , fa) while still
maintaining a solution to the strong CP problem.
However, for 〈|S|〉 = fa√
2
6= 0, Eq. (28) generates a
tadpole for I, leading to 〈|I|〉 6= 0 unless the potential is
specifically tuned to stabilize 〈|I|〉 ≈ 0. If the inflaton
potential is approximately quadratic near the origin,
VI ' 1
2
m2II
2, (29)
then,
〈|I|〉 ' 2 |k|
(
fa/
√
2
)N
m2IM
N−3
P
cos
(
N
〈∣∣∣∣ afa − θN
∣∣∣∣〉) . (30)
This in turn drives
〈
a
fa
− θ0
〉
6= 0—in fact, due to ad-
ditional
(
MP
mI
)2
enhancement, the effect of this term is
expected to dominate over that of an S2N operator sup-
posing both operators are generated with similarly sized
coefficients (unless mI ∼ MP ). Consequently, strong
CP considerations will still imply a somewhat stringent
bound on N that is not quite a factor of 2 weaker than
that for the model considered in Sec. III A.
Regardless, the combination of lower N and large I∗
does allow a sufficiently large axion mass to be achieved
with a smaller increase of 〈|S|〉 during inflation, and
hence less risk of destabilizing the inflaton potential.
This opens up some parameter space that was not avail-
able in the model of Sec. III A. In Fig. 3, we show the ana-
log of Fig. 2 with the SN operator of Eq. (20) replaced by
the ISN operator of Eq. (28) assuming mI ≈ 10−5MP
(representative of large-field models such as chaotic or
Starobinsky-like inflation). Again, caveats about infla-
tion model dependence such as those in the previous sub-
section apply.
This analysis assumes that Eq. (28) is the leading con-
tribution to the axion mass. While operators with more
powers of S will be suppressed as 〈|S|〉 < MP , this is
not the case for operators including higher powers of
I. For instance, the I → −I, SN → −SN symme-
try discussed above would allow operators of the form
I2M+1SN . Such operators may well be subdominant,
though, as assumedly there exists some symmetry (for
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FIG. 3. Bounds on ISN model with mI = 10
−5MP and
|k| = 1. All curves are the same as in Fig. 2.
instance, a shift symmetry) responsible for maintaining
the flatness of the inflaton potential. Hence, all operators
containing I would also come with a spurion represent-
ing the breaking of this symmetry—if the appropriate
combination to consider were, for instance, (kI)2M+1,
(where k is now the aforementioned spurion) then for
|k|  I∗MP such higher-dimension operators would also
be suppressed and the above analysis would hold. Re-
ducing |k| reduces both the inflationary mass (such that
larger fI would be necessary to yield ma∼> HI) and the
inflaton vev today, Eq. (30). As such, the red and blue
regions in Fig. 3 would both move down, but by different
amounts, resulting in a slightly reduced reach in fa.
Challenges for Realizing IMSN with M > 1
A tadpole for I would not arise if the leading explicit-
breaking operator contained a higher power of I, IMSN .
But, in such a case, it is hard to imagine what (beyond
coincidental cancellation) could effectively suppress lower
dimension operators.
If I is real, then for odd M this operator maintains
the I → −I, SN → −SN symmetry that permits the
operator ISN . For the reasons discussed above, we may
well expect ISN to dominate. Even less promising is the
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scenario in which M is even, as then the explicit breaking
term violates SN → −SN and so nothing should forbid
the operator SN .
If I were a complex field, one could imagine a global
U(1) with charges qS =
1
N , qI = − 1M that, for appro-
priate choices of N and M , would give rise to IMSN
without additional lower dimension operators. However,
this global U(1) must be explicitly broken to avoid the
presence of a massless field during inflation—in fact, it is
indistinguishable from U(1)PQ. In this setup, it becomes
difficult to achieve a single, light inflaton (with mass
 H) without additional light fields. If this U(1) is a
good symmetry during inflation (i.e., broken sufficiently
negligibly to suppress the generation of other worrisome
operators), it should also relate the masses of the real
and imaginary components of I to a good degree. Thus,
if some component of I is light, the orthogonal compo-
nent would be as well, potentially leading to isocurvature.
Alternatively, if the U(1) is sufficiently badly broken that
one component of I is quite massive while the orthogonal
component is light (the inflaton), then it would also not
be good enough to forbid other operators.
In supersymmetry (SUSY), holomorphy and nonrenor-
malization can suppress or forbid operators that one may
have expected to be present from a more na¨ıve symmetry
analysis. Thus, SUSY appears promising for generating
the desired IMSN operator without dangerous operators
involving fewer powers of the inflaton field. However,
once SUSY and U(1)PQ are broken, dangerous operators
contributing to the axion mass will be generated. So,
while SUSY can ensure that these operators exhibit ad-
ditional suppression relative to nonsupersymmetric mod-
els, for instance by the scale of SUSY breaking, this sup-
pression is generally insufficient to circumvent the very
stringent strong CP constraints.
Moreover, there is the well-known challenge that it can
be difficult to realize large-field models of inflation within
supergravity (SUGRA) (for a review, see, e.g., [73]). The
SUGRA scalar potential is given as a function of K and
the superpotential W by
VF = e
K/M2P
(
DΦiWK
−1
ij†DΦ†j
W † − 3 |W |
2
M2P
)
, (31)
with FΦi ≡ DΦiW = Wi + WKiM2P where Wi ≡
∂W
∂Φi
(and
similarly for K). The exponential factor exp(K/M2P ) in-
duces large curvature at super-Planckian field values, a
challenge for ensuring slow roll. Thus, a viable model
must generally invoke a symmetry (such as a shift sym-
metry) to prevent the inflaton from appearing in K [74].
In addition, supersymmetry implies that the field con-
taining the inflaton is necessarily complex, so any con-
tinuous symmetries relating the various components of
the field must be badly broken to ensure only one com-
ponent remains light. This breaking combined with the
presence of operators IMSN contributes to the breaking
of U(1)PQ.
To illustrate these points, consider a SUSY model with
the following Ka¨hler and superpotentials
K =
∑
Φ=X,Y,S,S¯
Φ†Φ +
1
2
(I + I†)2, (32)
W = λY
(
SS¯ − f
2
a
2
)
+mIXI + kXI
SN
MN−1P
. (33)
The Ka¨hler potential respects a shift symmetry I → I+ic
for c ∈ R, which is softly broken by mI and k. This
precludes the imaginary component of I from appearing
in exp(K/M2P ), giving rise to a viable model of chaotic
inflation in which the imaginary component serves as the
inflaton.17 The fields S and S¯ carry opposite PQ charge
and the PQ symmetry is spontaneously broken today by〈
SS¯
〉
=
f2a
2 due to the first term in W .
Supposing X and Y are stabilized at the origin, X =
Y = 0, the SUGRA scalar potential is
V = eK/M
2
P
|λ|2
∣∣∣∣SS¯ − f2a2
∣∣∣∣2 +
∣∣∣∣∣mI + k SNMN−1P
∣∣∣∣∣
2
|I|2
 ,
(34)
in which the leading inflaton-PQ coupling comes from
|I|2 SN , without an SN -type term at this level. While
no symmetry could prevent the generation of a term in
17 Models of chaotic inflation are currently disfavored by bounds on
r from Planck, so such a model would have to be modified to be
consistent with experimental results. This could be done by, for
instance, adding a nonminimal curvature coupling for I similar
to Eq. (13). However, as our focus is the difficulty of embedding
explicit PQ breaking in SUSY, we refrain from constructing a
complete inflationary model here.
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the Ka¨hler potential such as
∆K =
km†IS
N
MN−1P
+ h.c., (35)
the contribution to the axion mass would vanish for I = 0
and
〈
SS¯
〉
=
f2a
2 today. It would appear that the con-
strained form of the potential permitted in SUSY allows
the desired inflationary explicit-breaking operators to be
generated without correspondingly large explicit break-
ing today.
However, this approach is disrupted by the inclusion
of SUSY breaking. For instance, if SUSY breaking is
realized via a spurion superfield ξ = MP + θ
2Fξ, where
|Fξ|2 ∼ m23/2M2P , then operators such as
∆K =
∣∣ξ†ξ∣∣(km†ISN
MN+1P
+ h.c.
)
, (36)
will generate terms in the scalar potential
V ⊃
km†Im
2
3/2S
N
MN−1P
+ h.c. (37)
Even with the additional m3/2 suppression, N is con-
strained to be relatively large by strong CP considera-
tions [75], reducing the efficacy of the |I|2 SN operator
in giving mass to the axion during inflation. For instance
we find that, for low-scale SUSY breaking m3/2 ∼ TeV
and mI ' 10−5MP , the values of N required preclude
m2eff,inf > H
2
I for inflationary parameters such as those
considered above if 〈|S|〉 ∼ fa during inflation.
Additional parameter space would likely open if 〈|S|〉
were boosted during inflation, but such a model would
require a mechanism for generating the displacement and
gains would be limited relative to the model of Sec. III A.
Indeed, even for the model above, it would be necessary
to explain why the PQ fields exhibited 〈|S|〉 ∼ 〈∣∣S¯∣∣〉 ∼
fa, as opposed to, e.g., a minimum in which 〈|S|〉 was
such that the effective inflaton mass vanished.
So, while the large value of the inflaton makes it seem-
ingly an ideal candidate for enhancing explicit PQ break-
ing during inflation, it is in fact difficult to generate
the desired operators without residual dangerous contri-
butions to the axion mass. This motivates considering
whether the presence of another field, which still acquires
a large vev during inflation but whose nature and sym-
metry properties are not as constrained as those of the
inflaton, might be able to enhance explicit breaking dur-
ing inflation.
C. Additional U(1)PQ Fields
A challenge faced by models with a single PQ field
is that the explicit breaking experienced by the axion
pNGB during inflation, responsible for generating the
large mass, is necessarily related to the explicit break-
ing today, which is constrained to be small by the strong
CP problem. However, if there are multiple fields that
contribute to the breaking of U(1)PQ, the QCD axion will
be a linear combination of the axial components of these
fields. As such, strong CP constraints on each field will
depend on the amount of the axion contained within that
field. If the identity of the axion changes with time, it
could “feel” more explicit breaking during inflation than
today without running afoul of strong CP constraints.
To get a sense of the issues one must consider in con-
structing a viable model, we consider a “toy” consisting
of two PQ fields, S and S¯, with charges qS = 1, qS¯ = −K
under U(1)PQ, which is explicitly broken to ZKN . As
such, the lowest dimension Planck-suppressed local oper-
ators are
V ⊃ kS¯S
K
MK−3P
+
k′S¯N
MN−4P
+
k′′SKN
MKN−4P
+ h.c. (38)
In the limit where U(1)PQ is not explicitly broken (k
′ =
k′′ = 0), the QCD axion and PQ breaking scale are
aQCD =
1
va
∑
i=S,S¯
qiviai, v
2
a =
∑
i=S,S¯
q2i v
2
i , (39)
where aS denotes the axial component of S and 〈|S|〉 ≡
vS , and similar for aS¯ , vS¯ . The S¯
N and SKN opera-
tors both contribute to a mass for the axion, with the
dominant contribution coming from the former. S¯SK is
U(1)PQ invariant and so, while it gives mass to the or-
thogonal axial field a⊥, it only contributes to m2eff via
heavily suppressed mass mixing.
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The vevs of S and S¯ are set by the potential,
V ⊃ λS
(
|S|2 − f
2
S
2
)2
+m2S¯
∣∣S¯∣∣2 + λS¯
4
∣∣S¯∣∣4
− δS¯
2
I2
∣∣S¯∣∣2 . (40)
Today, when 〈|I|〉 = 0 is assumed, vS¯,0 6= 0 is driven by
the tadpole for S¯ induced via the first term of Eq. (38)
when vS,0 ' fS√2 . For instance, neglecting the terms with
powers of S¯ greater than two,18
〈∣∣S¯∣∣〉
0
≡ vS¯,0 '
kvKS,0
m2
S¯
MK−3P
. (41)
Thus, vS¯,0 can be considerably smaller than vS,0 due to
the
(
vS,0
MP
)K−3
suppression, supposing m2
S¯
/v2S,0. In this
case, the present day axion resides predominantly in S
and va ' vS,0, allowing N significantly smaller than KN
consistent with strong CP constraints.
Meanwhile, during inflation, vS¯ is enhanced to vS¯,I >
vS,I by the coupling to the inflaton in the second line
of Eq. (40). However, we assume vS,I ' vS,0 ' fS√2 by
taking λS large enough that the cross coupling for S,
I2 |S|2, is negligible.19 Because vS¯,I > vS,I , aQCD is dom-
inantly composed of aS¯ during inflation and so receives
a large explicit PQ-breaking mass from S¯N . The mass
of a⊥ ' aS from the S¯SK term is similarly enhanced by
large vS¯,I . Therefore, all fields are heavy during inflation,
eliminating isocurvature constraints.
The modification to the PQ potential required to en-
hance vS¯ during inflation still risks destabilizing the infla-
ton potential. In Fig. 4, we show an example of the con-
straints on such a model with |k| = |k′| = |k′′| = 1 and
m2
S¯
= 10−11M2P . For a given K and N , we plot in black
contours the maximal allowed value of fa ≡
√
2va such
that the contributions to the axion mass today due to ex-
plicit breaking do not disrupt the solution to the strong
CP problem—i.e., both N and KN are sufficiently large
that the U(1)PQ-breaking operators of Eq. (38) give small
contributions to m2eff . As above, we implement strong CP
18 The quartic term can be neglected for λS¯ 
2m6
S¯
M2K−6
P
|k|2f2K
S
.
19 Similarly, we neglect terms such as |S|2 ∣∣S¯∣∣2. For constant 〈|S|〉,
this term can be considered a contribution to m2
S¯
.
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FIG. 4. Bounds on multiple PQ field model for |k| = |k′| =
|k′′| = 1, m2S¯ = 10−11M2P . Contours of the maximal faMP al-
lowed by strong CP constraints are solid black. Regions where
the contributions to the slow-roll parameters are greater than
1 (10) times current bounds are shaded light (dark) red. The
region where vS¯,e > 10
4vS¯,0 so that symmetry restoration
via parametric resonance may be a concern is crosshatched.
Within the dashed black contour denotes where our assump-
tion that the λS¯ term is negligible today breaks down. In the
horizontal-hatched region, aQCD ' aS¯ always.
constraints subject to the cosmological requirement that
the minimum to which fields evolve after inflation is not
significantly displaced from that favored by QCD (i.e.,
analogous to Eq. (17)).
To simplify the analysis, we take vS¯,0 to be given
by Eq. (41), which is of order 10−5 to 10−3MP in the
allowed region. As discussed below Eq. (41), vS¯,0 is
not suppressed relative to vS,0 for small K, and thus
aQCD,0 ' aS¯—i.e., the composition of the axion is largely
the same during inflation and today. This results in dy-
namics essentially equivalent to those of the model of
Sec. III A. As such, in this (horizontal-hatched) region
there is no particular advantage to multiple PQ fields,
though the model is viable.
Regions corresponding to (overly) large shifts to the
slow-roll parameters in excess of 1 (10) times the current
experimental constraints on the potential (Eq. (26)) are
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FIG. 5. Bounds on multiple PQ field model for m2S¯ =
10−12M2P . All curves are the same as in Fig. 4.
shown in light (dark) red.20 Within the dashed curve, the
tadpole approximation of Eq. (41) breaks down. Since
this region is well excluded by fine-tuning considerations,
we do not attempt to improve upon this approximation.
In the allowed region, MP5 ∼< fS¯,I =
√
2vS¯,I ∼< MP2 is
the minimum value required to give a sufficiently large
mass ∼> HI to both aQCD and a⊥ (outside the allowed
region it differs by less than an order of magnitude ex-
cept in the darker red region). The cross-hatched re-
gion denotes where the initial amplitude of the result-
ing S¯ fluctuations is very large, vS¯,e > 10
4vS¯,0 (as be-
fore, subscript e denotes the end of inflation). Such large
oscillations potentially produce large fluctuations in the
phases of S, S¯ that could result in additional contribu-
tions to the axion abundance, domain walls, or nonther-
mal symmetry restoration. But this is not necessarily
the case, and further investigation would be required to
determine whether or not this region yields a consistent
cosmology—see discussion in Sec. III A.
20 As above, δS¯ , λS¯ are conservatively fixed by the requirements
that the potential is minimized at
〈∣∣S¯∣∣〉 = vS¯,I and that the
mass of the radial direction is sufficiently large ' HI that the
field does indeed rapidly evolve to this minimum during inflation.
In Fig. 4, we have tuned m2
S¯
to be just less than H2I .
That this allows for near maximal reach in fa can be
understood as follows. The non-QCD contribution to
the axion mass goes as m2eff ∝
vN
S¯,0
v2S,0
∝ f
KN−2
S
m2N
S¯
. So, for
smaller m2
S¯
and fixed fa, K and/or N must be increased
slightly to ensure that the contribution to m2eff is suffi-
ciently small today. However, small increases in K ex-
ponentially increase the necessary vS¯,I required to give a
large enough mass to a⊥ during inflation, since its mass
is proportional to only a single power of S¯. Thus, the
bottom right red region moves significantly to the left
while the black contours move slightly to the right—
when taken together, this can drastically reduce the val-
ues of fa achievable. Along similar lines, slightly larger fa
may be accommodated by tuning m2
S¯
marginally closer
to H2I . But gains are limited because, as m
2
S¯
approaches
(or exceeds) H2I , larger δS¯ is also eventually required to
overcome the positive mass-squared parameter, such that
slow-roll constraints rapidly exclude the whole parame-
ter space. Thus, Fig. 4 represents close to the maxi-
mal (rather than typical) reach for a model of this type.
For comparison, in Fig. 5 we show the analog of Fig. 4
for m2
S¯
= 10−12M2P . As m
2
S¯
decreases, the region con-
sistent with slow-roll constraints moves to overlap with
the horizontal-hatched region where aQCD ' aS¯ always,
with (horizontal) slow-roll constraints excluding N ∼> 40
in agreement with Sec. III A.
Further parameter space could also be reached if vS,I >
vS,0. Such a setup requires a mechanism for boosting
〈|S|〉 as well. Constraints on N would vanish entirely for
vS¯,0 = 0, which could perhaps be achieved for different
qS,S¯ , but for vanishing vev it is difficult to achieve efficient
S¯ decay. For instance, if S¯ couples to PQ quarks via
S¯QQ¯, couplings such as SMQQ¯ are forbidden, precluding
the quarks from acquiring mass.
As for the models explored in the previous subsection,
this setup with multiple PQ fields and changing vevs can
open parameter space at larger fa, potentially even allow-
ing models with fa ∼MP . However, for these largest val-
ues, remaining consistent with isocurvature constraints
while avoiding excessive disruption of inflaton dynam-
ics is still difficult and requires some conspiracy between
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K,N,m2
S¯
and inflationary parameters. Similar model
building may even allow fa ∼> MP . But, in this regime,
the analysis presented here may well be insufficient as
higher-order operators, no longer necessarily suppressed,
could play a role. Moreover, fa ∼> 10−1MP is excluded
by bounds from black hole superradiance [76].
IV. ADDITIONAL CONSTRAINTS ON RADIAL
FIELD DISPLACEMENT
There are various other constraints that we have not
so far considered when the radial field is significantly
displaced during inflation from its present minimum.
Mostly these are model dependent and can be avoided
under appropriate circumstances that we detail.
A. Perturbations in the Radial Field
A light PQ field that was displaced due to Hubble
friction would obtain primordial fluctuations δσ = HI2pi ,
which are orthogonal to the curvature perturbations
seeded by the inflaton. The decay products of σ will
inherit these fluctuations, potentially providing an addi-
tional source of isocurvature.
This may be erased if local thermal equilibrium is
achieved [77]. Alternatively, if the radial mode comes
to dominate the energy density and its decay products
reheat the universe, it will effectively act as a “curvaton”
[78]—the observed perturbations result from σ fluctua-
tions as opposed to those of a separate inflaton, so are
not observed as isocurvature modes. If σ decays when
its energy density is subdominant, it can still seed the
observed curvature perturbations in a curvaton-like fash-
ion if inflationary curvature perturbations are subdom-
inant or absent. Although, in this case, the perturba-
tions arising from σ must be larger to compensate for its
subdominance, which frequently results in sizable non-
Gaussianities, see e.g. [79]. In the event that σ does
indeed decay while subdominant and is not a curvaton,
exact constraints depend on the epoch—for a detailed
analysis in the context of moduli, see [80].
B. Scalar Trapping
If the radial field is responsible for giving the PQ
quarks (and squarks, if present) mass, symmetry restora-
tion may occur as a result of scalar trapping as described
in [81]. This trapping proceeds as follows. When |S|
becomes small during its oscillations, the PQ (s)quarks
become light enough to be produced via thermal effects
or parametric resonance. These (s)quarks then backre-
act on |S|, leading to it becoming trapped at the origin
and thus effectively restoring the PQ symmetry. For this
to occur, the initial oscillation amplitude must be large
enough that |S| passes near the origin, which only oc-
curs for |S|i∼> 10 fa√2 . Scalar trapping may be avoided if
there are no PQ squarks, there are additional sources of
mass for the PQ (s)quarks (e.g., in multifield PQ mod-
els), or the radial field is sufficiently heavy that it does
not spend a significant time in the critical regime during
each oscillation.
C. Radial Field Energy Density
As the σ oscillations decay, the corresponding energy
density is transferred into its decay products, leading to
constraints that depend in detail upon when the decay
occurs and to what final state(s) [82]. If it decays to ax-
ions, they act like dark radiation, which is constrained
by measurements of the CMB and the success of BBN.
Alternatively, the radial field can decay predominantly
to colored states (including gluons or PQ quarks), which
would avoid dark radiation constraints. The decays of
the radial field must not disrupt BBN, so it must either
decay before the start of BBN or remain a (substan-
tially) subdominant component of the energy density.
Both conditions favor earlier decay of the radial field—
before BBN or before its proportional energy density has
increased significantly—which generally corresponds to
heavier PQ fields. Such a heavy field is possible in a
generic model, but could pose a problem in supersym-
metric models where there is necessarily a light saxion
field with mass of order the SUSY-breaking scale due to
the complexification of the U(1)PQ symmetry [83].
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Decays before BBN can still be constrained by the ob-
served DM relic density if σ decays to DM after ther-
mal freeze-out. Again, this constraint may be more dif-
ficult to avoid in supersymmetric modes with R-parity,
e.g., for a saxion decaying to superpartners whose decays
yield stable lightest supersymmetric particles. The ex-
tent to which this is a concern depends on whether super-
gravity effects yield Br(σ → gauge bosons) ' Br(σ →
gauginos), as suggested in [84], in which case a sizable
branching ratio to gluons (desired to avoid dark radiation
constraints) would be accompanied by a sizable ratio to
gluinos. However, other analyses suggest that decays to
gauginos suffer from additional chiral suppression (i.e.,
by the mass of the gaugino) [85], in which case decays to
superpartners would be subdominant.
V. CAN THE RADIAL FIELD EVOLVE
ADIABATICALLY?
Constraints arising from σ oscillations (both thermal
and nonthermal) as discussed in the previous sections
would be evaded if 〈|S|〉 evolved gradually to f = fa.
This can only occur if the PQ potential does not change
violently at the end of inflation, which does not occur
for generic couplings between the PQ and inflationary
sectors. Typically, the end of inflation corresponds to a
radical change in dynamics in the inflationary sector—in
slow-roll models, the inflaton leaves the slow-roll regime
and begins to coherently oscillate around the minimum
of its potential—and as such a similarly drastic change
to the PQ potential is to be expected. In all likelihood,
the mechanism responsible for maintaining 〈|S|〉 = fI√
2
rapidly disappears and the radial component of the PQ
field begins oscillating around the zero temperature min-
imum 〈|S|〉 = fa√
2
.
However, if the size of the operator coupling the PQ
and inflationary sectors decreased gradually, σ and 〈|S|〉
could conceivably evolve adiabatically to a lower value.
The obvious candidate for such a solution is for S to
couple to the full energy density of the inflaton ρI , which
is nonoscillatory but rather decreases gradually up until
inflaton decay. An analogous approach has been con-
sidered previously to alleviate constraints on moduli en-
ergy density through assuming moduli couple directly to
H2 ∝ ρtotal (which is equal to the inflaton energy den-
sity prior to reheating) [86]. Couplings proportional to H
have also been invoked to reduce the amplitude of saxion
oscillations [87] and in the context of models to suppress
axion isocurvature via a sufficiently high fI [32, 88].
Unfortunately, there are two obstacles to invoking such
a solution. First, even supposing a coupling such as
cH2 |S|2 does dominate, coherent oscillations are gener-
ally diminished but not completely avoided. In a SUSY
model, for instance, the minimum today is determined
by the soft masses, so is likely displaced ∼> fa from the
minimum preferred by O(H2) masses (see, e.g., [82]).
Moreover, in a general model, adiabatic tracking reduces
the initial amplitude of oscillations, but oscillations still
commence eventually, with the extent of the reduction
depending on the magnitude of c and the other terms in
the S potential [56, 86, 89]. Suppressing the initial ampli-
tude by even an order of magnitude requires c∼> O(10)
[86, 89]—e.g., for c = (4pi)2 and a quartic PQ poten-
tial, the initial oscillation amplitude is only reduced by
a factor of ∼ 10 [56]. As alluded to in previous sections,
too large c risks interfering with inflationary dynamics,
particularly for models requiring (super-)Planckian fI .
Second, implementing such a coupling to ρI appears
difficult from a model-building standpoint, as it requires
tuning between the couplings of the PQ field and the
inflaton kinetic and potential terms. We elaborate on this
issue below, but stress again that even if such a model can
be successfully constructed it only realistically reduces
the oscillation amplitude by a factor of O(10). So, at the
end of the day, the constraints of the previous sections
are likely still significant.
Implementing Adiabatic Relaxation of the PQ Field
As mentioned, at the most basic level, coupling to a
nonoscillatory or smoothly varying quantity requires a
tuning between the couplings of the PQ field to the in-
flaton kinetic and potential terms. One might hope to
invoke a symmetry to enforce the required coincidence;
a frequently considered candidate is supersymmetry. For
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instance, a SUSY inflationary model containing a Ka¨hler
potential coupling
K ⊃ −c |I|
2 |S|2
M2P
, (42)
where I is an inflaton field whose potential is dominated
by its F -term, VI ' |FI |2, exhibits a coupling between |S|
and the energy density of I as
〈∫
d4θ |I|2
〉
= ρI [90, 91],
L ⊃ − c
M2P
(
|∂µI|2 + VI
)
|S|2 = −3cH2 |S|2 , (43)
where the last equality holds when ρI is the dominant
component of the energy density of the universe. Suppos-
ing other operators were subdominant, the evolution of
〈|S|〉 would be determined by the gradually red-shifting
ρI . Moreover, for c  1, the highly curved nature of
the potential in the vicinity of the vev would cause S to
evolve rapidly to the minimum, such that the field ap-
proximately tracked the adiabatically evolving vev with-
out large oscillations.
However, it is not obviously sufficient to consider only
these terms—for instance, as observed in [91], a number
of comparably sized operators will generically arise from
various sources. In particular, SUGRA corrections will
generate additional couplings that disrupt the relation-
ship between the coupling of S to inflaton kinetic and
potential terms. Notably, expanding the exponential in
Eq. (31) will lead to additional couplings of S to I in the
scalar potential without corresponding couplings to the
kinetic terms for I.
One might worry that these terms would spoil the suc-
cess of this solution in suppressing large coherent oscilla-
tions. Indeed, when I starts to oscillate, the additional
terms, which necessarily play a role in determining 〈|S|〉,
would rapidly change or disappear. As such, the vev
would also rapidly change and so S too would be ex-
pected to start oscillating. But, for the large values of
c 1 required for this adiabatic tracking mechanism to
work, the coupling proportional to H2 may dominate,
in which case the change to 〈|S|〉 could be small. Fur-
thermore, the coherent oscillations would occur around
the new nearby minimum as opposed to the minimum
today and would be rapidly damped due to the large
effective mass ∼ √cH. So, small perturbations intro-
duced by couplings to the oscillating inflaton field I as
opposed to H2 do not necessarily disrupt the tracking.
However, the post-inflationary dynamics of both the in-
flaton and PQ fields are potentially complicated in this
scenario, and depend on their coupled equations of mo-
tion. The exact behavior will depend on model-specific
details and an analysis of the viability of this solution in
well-motivated examples is an interesting question, albeit
beyond the scope of this work.
A more serious concern is that the absence of tuning
permitted by SUSY in this case—i.e., that a single term
can generate the desired coupling to ρI ∝ H2—relies on
the inflaton potential being dominated by its F -term, FI .
As is well known, SUSY inflationary models of this type
exhibit a severe η problem, namely that η ' O(1) if vari-
ous contributions are not tuned against one another (for
a review see, e.g., [92, 93])—notably, sizable contribu-
tions to η arise from the exponential in Eq. (31). The η
problem is potentially exacerbated in this case, especially
for c  1 and |S| ∼ MP . So, while tuning might not be
required to get the desired coupling between the inflaton
and PQ field, it may still be necessary to yield a viable
model of inflation.
On the other hand, models do exist in which the η
problem is solved without tuning by an additional sym-
metry for the inflaton, such as the model considered in
Sec. III B. Then, though, the inflaton potential is not
dominated by FI and so additional tuning would be re-
quired to achieve a dominant coupling to H2. For in-
stance, in the model discussed previously with
K ⊃ |X|2 + 1
2
(
I + I†
)2
, W = mIXI, (44)
the shift symmetry I → I + ic prevents the imaginary
scalar component of I, φI , from appearing nonderiva-
tively from the Ka¨hler potential. As such, φI can take
on large field values without an associated η problem,
allowing it to act as the inflaton while the heavy real
component of I and the X scalar are stabilized at the
origin. In this model, though, inflation is driven by the
F -term for X rather than that for I,
VF ' |FX |2 = m
2
I
2
φ2I , (45)
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where we have taken X = Re(I) = 0. So, equal coupling
to the kinetic and potential terms for φI requires multiple
additional terms in the Ka¨hler potential
K ⊃ |S|2 − c
2M2P
(I + I†)2 |S|2 − d
M2P
|X|2 |S|2 (46)
and a tuning c ' d−1 1. Moreover, higher order terms
such as |S|
4|FX |2
M4P
are still generated, which may affect the
dynamics of the fields after inflation.
Furthermore, a similar “η” problem exists for the PQ
field, making it difficult to stabilize 〈|S|〉 at a large field
value. Specifically, the exponential barrier tends to drive
〈|S|〉 → 0 or 〈|S|〉 → ∞ during inflation. Unlike for a
generic modulus, a shift symmetry solution cannot be
invoked for S to prevent it from appearing explicitly in
K as such a symmetry is incompatible with U(1)PQ. The
tunings required to avoid the inflaton η problem are not
the same as those required to generate the desired poten-
tial for S, such that the solutions to these problems are
not necessarily related.
Both problems are more severe for large-field models
as the field values I∗∼> MP during inflation mean higher-
order operators are effectively unsuppressed. As these
are exactly the models that yield observable scalar-to-
tensor ratios and for which axion isocurvature is a ma-
jor concern, it is unclear that an adiabatic solution can
be readily implemented to suppress isocurvature without
large coherent oscillations. At the very least, both a pre-
cise tuning of various terms and large couplings appear
necessary to simultaneously achieve inflation, the desired
inflationary minimum, and adiabatic tracking behavior,
even with supersymmetry.
VI. CONCLUSIONS
In models where the PQ symmetry breaks before the
end of inflation, a high scale of inflation na¨ıvely induces
too large isocurvature perturbations in the CMB. How-
ever, if the PQ sector is modified from its zero tempera-
ture form during inflation, this need not be the case.
One possibility is that, during inflation, the PQ field
is still evolving towards its minimum from a large ini-
tial value. This occurs, for example, in a model wherein
the radial component of the PQ field acts as the in-
flaton. In this scenario, however, post-inflationary ra-
dial oscillations can potentially induce the restoration
of the PQ symmetry, with disastrous cosmological con-
sequences. Indeed, the “PQ sector inflation” approach
only seems viable if there is a late-time release of en-
tropy. Even then, this is only the case for a narrow win-
dow fa ∼ 10−3MP , and more detailed studies would be
required to ensure symmetry restoration would not oc-
cur. Moreover, as constraints on isocurvature tighten,
this class of solution will become increasingly untenable.
Another approach is to induce modifications of the
PQ potential by explicitly breaking the PQ symmetry
and coupling the PQ sector to the inflaton. However,
this has its own set of challenges. The inflaton poten-
tial is necessarily delicate—it must satisfy the slow-roll
conditions. Thus, maintaining a sufficiently flat poten-
tial in the presence of large couplings between the PQ
sector and the inflation sector can necessitate aestheti-
cally unpleasing fine-tunings. And the axion potential
must be dominated by QCD—additional contributions
run the risk of spoiling the elegant solution to the strong
CP problem. With judicious choice of potential, it is
indeed possible to avoid these concerns, and GUT-scale
or even Planck-scale fa is allowed. These models typi-
cally rely on a discrete symmetry, with a delicate explicit
breaking which is amplified during the inflationary pe-
riod. Furthermore, this solution does not allow a small
axion abundance via an anthropically chosen initial mis-
alignment angle θi, so either a coincidence in the phase
of the operator, or a late-time dilution (perhaps due to a
modulus) is required.
Given the fragility of both the inflaton and the ax-
ion, it might be productive to introduce yet another field
that amplifies the PQ breaking. This could insulate the
inflaton against the fine-tuning effects discussed above.
One possibility might be a modulus that obtains a large
vev during inflation. However, potential reintroduction
of the strong-CP problem by, e.g., generation of a tad-
pole, is still a concern. The viability of this solution is
an interesting direction for further work.
Even if isocurvature is suppressed by one of the above
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mechanisms or similar, precautions must be taken to en-
sure a consistent cosmology. This is particularly true if
the transition to the field configuration today is violent,
involving large coherent field oscillations or significant en-
ergy density stored in late-decaying fields. While these
challenges are well known from the physics of moduli and
saxions and can be evaded by appropriate model build-
ing, they must be taken into account and may well consti-
tute the dominant constraints, especially as coherent os-
cillations can perhaps be reduced but generally not elim-
inated. Additional fields (multiple PQ fields, separate
inflatons, moduli) offer more alternatives for suppress-
ing isocurvature, but their nontrivial post-inflationary
dynamics will also yield additional constraints.
If primordial tensor perturbations are indeed observed
in the CMB, models with large fa will require some ad-
ditional physics coupled to the PQ sector. If residual
isocurvature is also observed, it may be the case that
isocurvature is simply suppressed by fI  fa. Alterna-
tively, if no isocurvature is visible, it may be that a large
mass for the axion is generated during inflation. In ei-
ther case, future precision probes of the CMB and axion
DM stand to tell us much about high-scale axions, the
inflationary sector, and, perhaps, an interplay between
the two.
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